. (2009). Electrospray and photoionization mass spectrometry for the characterization of organic matter in natural waters: A qualitative assessment. Limnology and Oceanography: Methods, 7, 81-95. doi:10.4319/lom.2009.7.81 
Introduction
Determining the molecular identity of organic molecules in natural waters is fundamental to understanding the origin, reactivity, and environmental fate of natural and anthropogenic compounds. The composition of dissolved organic matter is relevant to issues of drinking water quality, aquatic ecology, biogeochemical cycling, and many others. The answers to fundamental questions, such as, "What happens to terrestrial organic matter in the Ocean?" (Hedges et al. 1997) , require molecular information about terrestrial and marine end members. Nevertheless, more than half of the organic matter in natural waters is uncharacterized at the molecular level (Hedges et al. 2000) . Recent advances in nuclear magnetic resonance (NMR) (see review by Cardoza et al. 2004 ) and the use of modeling for interpretation of complex NMR spectra have Electrospray and photoionization mass spectrometry for the characterization of organic matter in natural waters: a qualitative assessment William C. Hockaday, 1 Jeremiah M. Purcell, 2 Alan G. Marshall, 2 Jeffery A. Baldock, 3 and Patrick G. Hatcher
Abstract
Fourier-transform ion cyclotron resonance mass spectrometry (MS) has demonstrated potential to revolutionize the fields of limnology and chemical oceanography by identifying the individual molecular components of organic matter in natural waters. The use of MS for this purpose is made possible by the electrospray technique which successfully ionizes polar, nonvolatile organic molecules. Another recently developed ion source, atmospheric pressure photoionization (APPI), extends MS capabilities to less polar molecules. This article presents early results on the application of APPI MS to natural organic matter. We compare APPI MS and electrospray MS data for dissolved organic matter from Lake Drummond (Virginia, USA). Collectively, electrospray and APPI MS identify more than 6000 molecular species to which we assign unique molecular formulas. Fewer than 1000 molecular species are common to both electrospray and APPI mass spectra, indicating that the techniques are highly complementary in the types of molecules they ionize. Access to a broad range of molecules provided by combining APPI and electrospray has prompted a qualitative analysis. The goal is to assess the extent to which molecular MS data correspond with elemental (CHNOS) and structural characteristics determined by combustion elemental analyses and 13 C nuclear magnetic resonance (NMR). Because the data obtained by these different methods are not directly comparable, we propose a novel data analysis procedure that facilitates their comparison. The bulk elemental composition calculated from electrospray MS data are in close agreement (± 15%) with values determined by combustion elemental analysis. APPI and electrospray MS detect protein contributions in agreement with 13 C NMR (6 wt %) but underestimate carbohydrates relative to 13 C NMR. Nevertheless, MS results agree with NMR on the relative proportions of noncarbohydrate compounds in the organic matter: lignins > lipids > peptides. Finally, we use a molecular mixing model to simulate a 13 C NMR spectrum from the MS datasets. The correspondence of the simulated and measured 13 C NMR signals (74%) suggests that, collectively, the molecular species identified by APPI and electrospray MS comprise a large portion of the organic matter in Lake Drummond. These results add credibility to electrospray and APPI MS in limnology and oceanography applications, but further characterization of ion source behavior is fundamental to the accurate interpretation of MS data.
*Corresponding author: E-mail: wch2@rice.edu improved our understanding of organic matter structure and composition (Nelson et al. 1999; Hedges et al. 2002; Baldock et al. 2004; Nelson and Baldock 2005; Dickens et al. 2006; Perdue et al. 2007 ). Likewise, the coupling of electrospray ionization (ESI) to high-field Fourier-transform ion cyclotron resonance (FT-ICR) MS has provided unprecedented resolution of the molecular components of natural organic matter (NOM) as well as molecular details of biogeochemical processes (Kujawinski et al. 2002; Kim et al. 2003a Kim et al. , 2003b Kim et al. , 2004 Kim et al. , 2006 Kramer et al. 2004; Kujawinski et al. 2004; Koch et al. 2005; Dittmar and Koch 2006; Grannas et al. 2006; Hertkorn et al. 2006 ; Kujawinski and Behn 2006; Mopper et al. 2007; Reemtsma et al. 2008; Sleighter and Hatcher 2008) .
Electrospray ionization (ESI) is selective for specific types of molecules. Hence, an important problem in the interpretation of ESI MS spectra of natural waters is that the proportion of NOM observed in mass spectra remains unknown, making it difficult to assess the qualitative or quantitative importance of MS data. For instance, the limnology and oceanography implications would differ significantly if the molecules identified by FT-ICR MS represent only 1% of dissolved NOM, as opposed to 70% of dissolved NOM.
The complexity of the electrospray ionization mechanism in addition to the complexity of organic matter in natural waters makes it difficult to assess how much of the sample is being ionized. Electrospray ionization is selective for species that exist as ions in solution or those with acidic or basic functionality capable of donating or stabilizing excess electrolytes (e.g., H + , Na + , Cl -). Ion abundances are determined by a competition among solutes for charge at the surface of the electrospray droplet (Kebarle and Pesche 2000 and references therein). Therefore, ion abundance (peak magnitude) is not simply a function of analyte concentration. Minor constituents with high charge affinity can dominate the ion current. These so-called matrix effects make it impossible to calibrate peak magnitude as a function of dissolved analyte concentration in ESI MS. Therefore, a quantitative evaluation of ESI data for unknown mixtures such as dissolved organic matter in natural waters is difficult.
A newer ionization technique, atmospheric pressure photoionization, is less susceptible to the problems mentioned above. Several attributes of APPI make it well-suited to environmental samples: (a) there is little or no ion suppression due to charge competition among solutes (matrix effects); (b) there is minimal chemical noise because common solvents and salts are not ionized, and therefore, do not enter the mass analyzer (Hanold et al. 2004 ) (this feature is especially important in FT-ICR MS, in which space-charge effects influence sensitivity and resolution [Marshall et al. 1998 ]); (c) the APPI source is nearly field-free, which improves the efficiency of ion transport to the MS inlet, resulting in improved sensitivity (Robb et al. 2000; Hanold et al. 2004); photoionization is a soft ionization process, which does not cause extensive fragmentation of covalent bonds.
APPI is complementary to ESI, extending the analytical window to nonpolar and nonvolatile species. APPI has been successfully applied to a range of environmentally relevant molecules that ionize poorly via electrospray. These include aliphatic lipids (Cai and Syage 2006; Roy et al. 2006) , isoprenoid lipids (Cai et al. 2005) , condensed tannins (GomezAriza et al. 2006) , hydrophobic peptides, polycyclic aromatic hydrocarbons (Hanold et al. 2004; Hiroshi et al. 2004; Straube et al. 2004; Purcell et al. 2006; Zheng and Shamsi 2006) , pesticides (Takino et al. 2003; Yoshioka et al. 2004) , mycotoxins (Takino et al. 2003) , and crude oil fractions (Purcell et al. 2006 (Purcell et al. , 2007 . Here, we report early results on the application of APPI FT-ICR MS to dissolved organic matter from natural waters.
The first part of this method assessment compares the NOM molecular species ionized by APPI and ESI. The second part of our assessment addresses the following question: Are the ions detected by ESI MS and APPI MS an accurate representation of NOM? Given the collective capacity of ESI and APPI sources to ionize polar and nonpolar, acidic and basic, aromatic and aliphatic molecules, it seems reasonable to begin asking whether the molecules observed are representative of the NOM mixture as a whole. On the basis of molecular weight (<1000 Da), ESI MS and APPI MS disagree with the traditional description of NOM as macromolecular or supramolecular products of polycondensation reactions (humification) (Swift 1999; Piccolo 2001) . A new view has emerged, however, which reconciles observations of macromolecular size to MSbased observations of low molecular weight. The new view describes NOM and humic substances as a dynamic, noncovalent association of small, recognizable biological molecules in various stages of decomposition (Hedges et al. 2000; Burdon 2001; Wrobel et al. 2003; Sutton and Sposito 2005; Smejkalova and Piccolo 2008) . A similar aggregation behavior has been observed in noncovalent oligomers in fossil fuels (Piccolo et al. 2002; Mullins et al. 2008) . For instance, the large apparent size of humic substances could be attributed to the high concentration and/or choice of solvents in size exclusion chromatography experiments in which high-molecular-weight species are observed. ESI and APPI MS are typically conducted at much lower concentration (0.5 mg/mL or less), such that noncovalent adducts dissociate before ionization takes place. Therefore, we assess whether MS data are representative of NOM based on three characteristics that are independent of molecular size. These include a comparison of MS results to (1) elemental composition measured by combustion elemental analysis, (2) the distribution of plant biomolecules (lipids, lignins, proteins, and carbohydrates) determined by 13 C NMR combined with a molecular mixing model used previously in other NMR applications (Baldock et al. 2004) , and (3) bulk structural properties measured by 13 C NMR.
Materials and procedures
Sample preparation-The dissolved organic matter used in this study was collected from the Great Dismal Swamp Paul, MN). The natural pH of the Lake Drummond water was 3.4 and was acidified to pH 2 using 6N HCl before solid-phase extraction. The organic matter adsorbed to the C 18 was immediately eluted with HPLC-grade methanol (Fisher Scientific). This extraction procedure typically recovers 60% to 70% of DOM from freshwater samples (Kim et al. 2003b) , though the extraction is more quantitative (100% recovery) for phenolic lignin-type compounds (Louchouarn et al. 2000) . This solution was directly analyzed by mass spectrometry. For combustion elemental analysis and NMR spectroscopy, the methanol was evaporated, first under a stream of nitrogen gas, and then at 50 °C in a drying oven for 24 h. Elemental analyses-The elemental composition of the dry solid DOM extract was performed by combustion analysis. Carbon, hydrogen, and nitrogen content were determined by catalytic combustion with a model ESC4010 elemental analyzer (Costech Analytical Technologies Inc., Valencia, CA). The sulfur content was determined by combustion method ASTM D4239 B at Galbraith Laboratories (Knoxville, TN). Ash content was determined after combustion at 600 °C for 24 h. Oxygen content was calculated as the residual mass after summation of C + N + H + S + ash. All measurements were performed in duplicate.
C NMR-The

13
C NMR spectrum of the dry solid C 18 extract was collected using a 300-MHz Bruker DSX spectrometer (Billerica, MA) with a 4-mm magic angle spinning (MAS) probe operated at 13 kHz. Cross-polarization was achieved by a 90-degree 1 H pulse and a ramped amplitude (0.5-1.0 db) 1 H-13 C contact pulse (2 ms pulse length) (Metz et al. 1994) . A recycle delay of 1 s was applied between scans, and 13 C signal was collected with two-pulse phase-modulated proton decoupling. Acquisition parameters and chemical shift were calibrated with respect to polycrystalline glycine. Exponential multiplication, one zero fill, and 30-Hz line broadening were applied during data processing. Peaks were integrated according to Baldock et al. (2004) for compatibility with the molecular mixing model. Peak areas were corrected for spinning side bands.
ESI source-The external ESI source used in this study comprised mainly a fused silica capillary secured by an electrical contact at the opening of a heated steel capillary entering the skimmer region of the mass spectrometer. The voltage bias across the silica and steel capillaries was approximately 3 kV.
The appropriate polarity was selected for positive or negative ion detection. Sample flow rate through the fused silica capillary was maintained by a syringe pump at 0.5 μL/min.
APPI source-The APPI ion source was supplied by Thermo Fisher and outfitted with a krypton vacuum UV lamp (10 eV). Its operating principles and parameters are described in detail by Purcell et al. (2006) . Toluene was used a dopant, to increase the ionization efficiency of the NOM. Direct addition of toluene to the NOM sample resulted in precipitation of the NOM. Therefore, a slight modification was made to this ion source to allow the introduction of toluene vapor through the auxiliary gas inlet of the nebulizer. The toluene was introduced as a vapor by injection into a segment of heated (90 °C) copper tubing purged with carbon dioxide gas at a flow rate of 10 mL/min. The nebulizer heater was operated at 300 °C, with carbon dioxide as the drying gas. The syringe pump used to introduce the sample to the nebulizer was operated at 50 μL/min.
9.4-T FT-ICR MS-All
MS experiments were performed at the National High Field Magnet Laboratory (Tallahassee, FL) using a custom-built FT-ICR mass spectrometer equipped with a 9.4-T Oxford magnet. Ions were produced at atmospheric pressure by external ESI and APPI ion sources and entered the evacuated skimmer region of the spectrometer through a common interface consisting of a heated metal capillary. A detailed description of the spectrometer hardware and operational parameters during signal acquisition is given by Purcell et al. (2006) . Spectrometer parameters (e.g., ion accumulation period and multipole rf amplitude and frequency) were not held constant for each ionization technique. Rather, these parameters were optimized to accommodate differences in the mass-to-charge ratio and the abundance of ions. The goal of parameter optimization was to collect the broadest possible range of ions generated by each ion source as opposed to focusing on ions of the same mass-to-charge ratio (m/z) for each of the three ionization techniques. In other words, we systematically adjusted the ion optics so as to select a representative sample of the ions being formed (Brown and Rice 2000) . Ions were accumulated in the first octapole for a period of 20 s (APPI) or 25 s (ESI) before transfer to a second octapole, where they were collisionally cooled with helium gas for 10 ms and finally transferred to a Penning ion trap by a 10-V offset (1 ms in duration). Ions were excited to a cyclotron orbital radius by applying a broadband frequency (~90-600 kHz) sweeping pulse. The induced current was detected on two opposing electrodes on the ion trap. Approximately 100 time-domain transient signals were summed, Hanningapodized, and Fourier-transformed in the Modular ICR Data Acquisition and Analysis System (MIDAS) (Senko et al. 1996) . Mass calibration was referred to an external standard purchased from Agilent Technologies (Santa Clara, CA) (Ledford et al. 1984; Shi et al. 2000) . The accurate mass (m/z) values were determined to 6 decimal places. Mass error for all spectra is <1 ppm.
Hockaday et al. Characterization of organic matter in natural waters
Algorithms for data reduction and structure interpretation
The information contained in ultra-high-resolution FT-ICR mass spectra of natural organic matter is expansive. Typical spectra contain 10,000 signals, each having an m/z value and a corresponding measure of relative abundance. On the other hand, one-dimensional 13 C NMR spectra contain information on carbon functional groups and their relative abundance, with little information about how these bonds are arranged into molecular structures. Therefore, we employ various mathematical algorithms to extract relevant information from NMR and MS data: molecular formulas, structural information, and molecule type (e.g., carbohydrate, peptide). The algorithms described below are all previously published, and we refer the reader to the original publications. Several novel modifications to these algorithms are discussed in the Assessment section.
Molecular mixing model for 13 C NMR data-The molecular mixing model is described in detail by Baldock et al. (2004) . Briefly, the model uses 13 C NMR peak areas in addition to C and N elemental data to estimate the relative proportions of major biomolecule classes. For samples of terrestrial origin, the model is parameterized with the NMR average peak area distributions of 4 representative biomolecule classes: cellulose, lignins, lipids, and peptides. Charcoal carbon is also included as a component in the mixing model because of its abundance in the soil organic matter and dissolved organic matter of ecosystems that have been exposed to fire . The mixing model calculates the linear combination of these five components that achieves the best fit to the measured NMR peak area distribution. We use the terms charcoal carbon and condensed aromatic structures interchangeably in this article.
Molecular formula calculator for MS peak assignment-Each m/z value determined by FT-ICR MS was assigned a unique molecular formula with the Formula Calculator Program version 1.1 (© 1998 NHMFL). In some cases, multiple formulas (C c H h Nn O o S s ) agreed with the measured mass (±1 ppm) and also obeyed the rules of chemical bonding. The correct formula assignment was determined from reliable patterns which result from isotopic distributions, elemental substitution patterns, and homologous series of molecules. The procedure used for validating formula assignments is explained in detail by Koch et al. (2007) .
Kendrick mass defect analysis-Kendrick mass defect (KMD) analysis identifies homologous series of molecules by identifying ions that are separated by integer multiples of a given functional group (Kendrick 1963; Hsu et al. 1992; Stenson et al. 2002) . For example, Equation 1 has the effect of converting to a mass scale based on CH 2 rather than 12 C (12.00000 Da). Kendrick 
Van Krevelen analysis-The van Krevelen analysis (Van Krevelen 1950) is a graphical and statistical treatment of elemental data (C, H, N, and O). The most common van Krevelen diagram is a two-dimensional plot of O/C and H/C ratio for each molecular formula. Natural biomolecules have relatively uniform and discrete elemental compositions such that different types of molecules can be distinguished by some combination of their H/C, O/C, and N/C ratios. The van Krevelen diagram can be used to visualize the elemental composition-space occupied by molecules identified by FT-ICR MS, and this facilitates an approximation of the biomolecule distribution (e.g., lipid, lignin, carbohydrate, and peptide) (Kim et al. 2003a ).
Assessment
Atmospheric pressure photoionization is relatively new and has not previously been used for a detailed molecular analysis of NOM. Therefore, the first part of our assessment compares and contrasts APPI MS to the more widely used ESI MS. We describe the types of ions generated by each and employ several (published and novel) algorithms that simplify the comparison of large MS datasets. The second part of the assessment addresses the degree to which molecular MS data can be reconciled to bulk chemical characteristics measured by elemental analysis and NMR. Because the raw data generated by MS (mass-to-charge ratio), combustion analyses (mass percent C, H, N, O, and S), and NMR (chemical bond type) cannot be directly compared in a meaningful way, we propose a data analysis protocol that facilitates method comparisons. The flow diagram in Figure 1 summarizes the sequence in which we apply data analysis algorithms (described above). The double arrows along the counterclockwise flow of the diagram represent method comparisons that address the following questions: Does the elemental composition of NOM determined by molecular MS agree with combustion elemental analyses? Do MS and NMR observe the same types of molecules in natural organic matter, and in similar quantities? Are some chemical structures in NOM ionized preferentially in ESI and APPI? The answers to these questions have important implications for how we interpret MS data and our understanding of organic matter in natural waters.
Electrospray versus APPI
Ion source behavior-Positive-ion APPI, along with positiveand negative-ion ESI FT-ICR mass spectra, are shown in Figure 2 . Ions generated by all three ionization techniques fall within the range 250 < m/z < 800. Relative ion abundance also shows a similar distribution across ionization techniques as indicated
by close agreement in the average molecular weights (M n ) in Table 1 C c-1 forms of the same ion indicates that ions are singly charged. Most ion species in positive-ion APPI, and ESI are H + and Na + charge adducts. Similarly, the negative-ion ESI mass spectrum exhibits singly-charged, deprotonated species, many of which are counterparts to species generated by positive-ion ESI.
It is also important to note that the negative-ion ESI mass spectrum is largely dominated by chlorinated species, including both single Cl -charge adducts and molecular species with multiple covalently bound chlorine atoms. The latter give rise to characteristic isotopic distributions with 1.9970-Da mass differences between 35 Cl-and 37 Cl-bearing species. The source of chlorine in this sample is likely a residue from the HCl used to acidify the water before solid-phase (C 18 ) extraction of the dissolved organic matter, as dissolved chlorine concentrations in Lake Drummond are quite low (9 mg/L) relative to dissolved organic carbon concentrations (105 mg/L) (Johannesson et al. 2004) . Nevertheless, natural organo-chlorine species are well documented, and we cannot rule out the possibility that they are preexisting components of Lake Drummond NOM (Myneni 2002; Repeta et al. 2004; Leri et al. 2007; Teuten and Reddy 2007) .
Molecules containing chlorine(s) give rise to strong signals in negative-ion ESI MS, an order of magnitude greater than nonchlorinated species. These are seen as off-scale peaks in the bottom panel of Figure 2 , illustrating a commonly encountered limitation of the ESI technique for investigations of organic molecules in environmental samples. Competition for charge among the solutes (analyte-analyte or analyte-contaminant) can result in low signal-to-noise ratio or the suppression of analytes with lower charge affinity. Even though ion suppression has diminished the signal from thousands of organic analytes, the negative-ion ESI mass spectrum still contains a great deal of information about the NOM, and therefore we include it in our analysis.
For positive-ion APPI with toluene gas as a dopant, two types of ions can be generated from the same precursor molecule, M: M˙+ and (M+H) ( Robb et al. 2000) . Radical cations, M˙+, account for the remaining 10% of the peaks, and are all highly conjugated species, with DBE ≥10 (see Equation 3 ). On average, the NOM ionized by APPI is more aromatic and less polar than NOM ionized by electrospray. Evidence is seen Table 1 , in which the APPI ion suite has lower average H/C, O/C, N/C, and S/C ratios than the NOM ionized by positive-or negative-ion ESI. Collectively, ESI and APPI FT-ICR MS identified more than 6000 unique molecular species in Lake Drummond NOM (species differing by 13 C vs.
12
C or H + vs. Na + are counted only once). A side-by-side comparison of the molecular formulas shows that fewer than 1000 of the 6000 species are common to ESI and APPI. Therefore, ESI and APPI are highly complementary for the analysis of NOM.
Structurally related molecules: data reduction with the zmo table-The suite of molecules ionized by all three techniques exhibits prevalent CH 2 homologous series. Upon grouping the molecular formulas by hydrogen deficiency (z) and Kendrick mass defect (KMD), it becomes apparent that most CH 2 series intersect with a homologous oxygen series. For example, the most intense peak in positive-ion ESI and APPI mass spectra has the (charge-neutral) molecular formula C 29 H 28 O 7 and belongs to a CH 2 homologous series C 29 H 28 (CH 2 ) m O 7 , with m values ranging from -7 to +10. Moreover, for each value m, there exists a homologous oxygen series C 29 H 28 (CH 2 ) m O o , with o values ranging from 2 to 13. Furthermore, the functionality of the oxygen can be deduced because in order to change the oxygen number, o, without altering m or z, the oxygen-containing functional group must not introduce a double-bond equivalent to the molecule. This limitation narrows the possible oxygen-containing functionality to hydroxyl and ether groups because all others (ester, carboxyl, amide, ketone, aldehyde, or cyclic ether) alter the value of z or m. Thus, the oxygen series listed in Table 2 are likely comprised of structurally related species.
The zmo table (Table 2) contains only 22 entries, but it represents approximately 3000 (50%) of the positive ions in the APPI and ESI mass spectra. For each entry, the zmo table conveys the molecular formula, the hydrogen deficiency (z), number of CH 2 groups (m) in the homologous series, and the number of oxygen atoms (o) in the homologous series. Double-bond equivalents are also easily obtained from Table 2 (see  Equation 4 ). The most striking difference between APPI and ESI datasets is the difference in hydrogen deficiency (z) of the respective ion suites. The zmo table also shows that most homologous series of molecules are common to both ESI and APPI mass spectra, but within these series, different molecules are detected. Positive-ion ESI yields more highly oxidized members of homologous oxygen series (higher o), whereas positive-ion APPI yields species with greater numbers of CH 2 groups (broader range of m).
Methods comparison: elemental, structural, and molecular measurements
The intent of the following method comparison is to evaluate the extent to which molecules ionized collectively by ESI and APPI are representative of the entire NOM molecular assemblage, based on elemental, structural, and molecular compositions.
(1) Elemental composition-The first approach is simply to obtain the bulk elemental composition of the organic matter observed in the MS spectra by weighting the element stoichiometry of each species (C c H h N n O o S s ) by its corresponding spectral magnitude, and averaging across all molecular formulas. This approach generates an elemental composition that assumes equal ionization efficiencies for all analytes and spectral magnitudes that are proportional to analyte concentration. Table 3 lists the average molar H/C, O/C, N/C, and S/C ratios obtained by each MS technique for comparison to combustion elemental analyses. The molecular mixing model calculates the bulk H/C, O/C, and N/C values from 13 C NMR data based on typical elemental compositions for terrestrial biomolecules. Table 3 suggests that APPI generates a suite of ions that are slightly H-, O-, and N-deficient relative to the bulk NOM. This is consistent with the photoionization mechanism, in which UV photons are most readily absorbed by double bonds and aromatic rings. Thus, condensed structures are preferentially ionized. The H/C, O/C, N/C, and S/C ratios of the ESI + and ESI -ion suites agree (±15%) with values determined by elemental analysis. The most substantial error in elemental composition determined by ESI MS is the underestimation of organic oxygen, attributable to poor ionization efficiency of carbohydrates.
(2) Biomolecule distribution-In contrast to the previous two approaches that average across molecular information to obtain bulk chemical properties, the third approach interprets NMR and MS data in terms of discrete biochemical structures commonly found in soils and natural waters. This comparison is facilitated by the NMR molecular mixing model and the van Krevelen analysis (Kim et al. 2003a; Baldock et al. 2004) . Although classifying species identified by FT-ICR MS into only five biochemical categories is an obvious oversimplification, we do so here for the sake of comparing ionization techniques to one another and to NMR mixing model results. For instance, lipids, as defined below, should include all of the following: aliphatic hydrocarbons, fatty acids, aliphatic alcohols and esters, terpenes, and sterols. Similarly, compounds classified as lignin encompass polyphenolic oligomers comprised of syringyl, guiacyl, and p-hydroxyphenyl units, their acid forms, and other phenolic phytochemicals such as condensed tannins, hydrolysable tannins, flavonoids, and alkaloids. Thus, we caution that element stoichiometries and aromaticity indices defined below, and summarized in Figure 3 , are not infallible means of structure assignment. Rather, they are proposed as a rational set of rules that are based on molecular formulas and structures of well-characterized molecules in the natural products literature (e.g., Kaufman et al. 1999; Romero 2005) .
Lignins are defined as having H/C = 1.5 to 0.7 and O/C = 0.1 to 0.67. A small portion of molecules (<5%) in that range contain a nitrogen atom, but they are too hydrogen-deficient (H/C = 0.6 to 1.0) to exist as small peptides (300-800 Da). They are classified as lignins for the purpose of comparison to the 13 C NMR mixing model, but perhaps they are more likely to be aromatic amines such as alkaloids or the products of polyphenol-peptide binding reactions that are known to occur in the tannin-rich acidic conditions that exist in Lake Drummond. Polyphenol-peptide reaction products have been documented in soils and sediments (Hsu and Hatcher 2005; Olk et al. 2006; Mutabaruka et al. 2007) .
Proteins in the mass range 300-800 Da are more accurately described as peptides of 3 to 6 amino acid residues. Elemental composition: N ≥ 1; H/C = 1.0 to 2.2; O/C = 0.1 to 0.67. Typical amino acid distributions in forest soils indicate a protein fraction with average H/C = 1.7 and O/C = 0.4 (Friedel and Scheller 2002) .
Carbohydrates are considered to be hexose and pentose glycosides, including those with aldehyde, ketone, and/or acid functionality. Carbohydrates may contain nitrogen as in chitin. Molar ratios: H/C > 1.5 and O/C > 0.67.
Lipids are defined by H/C = 1.5 to 2.0 and O/C < 0.3. However, a substantial number (8%) of species in the positive-ion ESI mass spectrum have H/C = 1.5 to 2.0 and O/C = 0.3 to 0.7, and thus cannot be classified as carbohydrates, lipids, or proteins by the foregoing criteria. Their elemental compositions suggest that they possess both carbohydrate-like and aliphatic or alicyclic domains. This is the case for many common plant terpenes and sterols that contain a glycone unit (e.g., saponins). Furthermore, many of these species belong to homologous series differing only in the number of oxygen atoms. The most oxygen-deficient members of the homologous series can be classified as lipids. Thus, for the purpose of comparison to NMR data, we classify such molecules as lipids, and all others as carbohydrates. This distinction is represented in the van Krevelen diagram (Figure 3 ) as a soft division between lipid and carbohydrate regions. Char carbon is defined by an aromaticity index (ƒ a > 0.7). These molecules are thought to consist primarily of water-stable byproducts of charcoal and soot decomposition in soils. Charcoal decomposition byproducts have been widely detected in dissolved NOM and can be distinguished by their condensed aromatic structures (Kim et al. 2003a (Kim et al. , 2004 Hockaday et al. 2006 Hockaday et al. , 2007 . Therefore, we refer to charcoal carbon and condensed aromatic structures interchangeably. The aromaticity index considers carbon-nitrogen bonds and carbon-oxygen double bonds. Therefore, condensed aromatic structures do not have an explicit range of H/C values. This feature is depicted in the van Krevelen diagram (Figure 3) as a soft line dividing lignins and condensed aromatic structures.
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Although they are minor components of this sample (≤5% of the integrated spectral magnitude), several hundred species are identified as unsaturated hydrocarbons. They comprise a mixture of aliphatic and aromatic or alkene structures with relatively little oxygen (O/C < 0.1). Plausible examples include plant pigments such as chlorophylls and carotenoids which contain both aromatic and/or pyrrolic and long-chain aliphatic (e.g., phytol) moieties. For the purpose of comparison to the 13 C NMR mixing model in Table 4 , unsaturated hydrocarbons with ƒ a < 0.7 are classified as lipids.
The van Krevelen diagrams summarizing the MS datasets are shown in Figure 4 . The van Krevelen diagrams show that most molecules ionized by positive-ion APPI have lower H/C and O/C ratios than molecules ionized by positive-or negative-ion ESI. Comparison of Figures 3 and 4 reveals that most molecular species identified by positive-ion APPI MS have elemental compositions similar to proteins, lignins, and unsaturated hydrocarbons, whereas positive-and negative-ion ESI and ESI MS identify more species in the composition-space of lipids and carbohydrates. The red points in the APPI + data represent molecular cation radicals generated via direct photoionization. They clearly occupy the composition-space of aromatic compounds (condensed hydrocarbons and lignins/tannins). The majority of APPI MS data points, shown in black, are chemical ions, (M+H) + , generated by proton transfer. The van Krevelen diagrams also provide the opportunity to visualize the homologous series of CH 2 and oxygen that are identified in the zmo table (Table 2 ). The CH 2 series are manifest as points falling on conspicuous diagonal lines originating from point 2.0 on the H/C axis and sloping downward across the diagram. For a CH 2 series with constant o value, the slope of the diagonal is controlled by the z value. Increasingly negative z values give rise to increasingly negative slopes. Homologous oxygen series also stand out in the van Krevelen diagram as points falling along horizontal lines. For a given m value, the H/C intercept is controlled by z. Oxygen series of increasingly negative z values have lower H/C ratios. as differences in the relative ionization efficiencies of the biomolecules. The most obvious discrepancy is the underrepresentation of carbohydrates by all 3 ion sources, relative to 13 C NMR. The second obvious trend is the preferential ionization of polyphenols (lignins), especially by APPI. Nevertheless, Table 4 conveys an important result that the combined APPI and ESI MS results (MS mean in Table 4) Spectral magnitude is an important factor controlling the relative abundances of different classes of biomolecules in Table 4 . We define spectral magnitude as the ion current generated by molecular species that could be assigned unique molecular formulas. As explained previously, spectral magnitude can be affected by various phenomena that ultimately determine ionization efficiency. Therefore, Table 4 also provides a comparison of relative biomolecule abundance in a manner independent of ionization efficiency. Parenthetical values in Table 4 are numerical averages that do not consider ion magnitudes (peak heights). Comparison of the numerical average values minimizes the effects of intermolecular charge competition during ionization and more directly reflects the selectivity of the ionization mechanisms. However, information about the relative concentrations of individual molecular species is excluded from the numerical average values. Nevertheless, for all three ionization techniques, biomolecule number averages are in closer agreement with 13 C NMR data than abundance-weighted values. The positive-ion ESI MS number average biomolecule concentrations are exceptionally similar to values determined by 13 C NMR and the molecular mixing model. These results suggest that peak heights in APPI and ESI mass spectra of NOM samples are not reliable for the estimation of the relative concentrations of individual molecular species.
(3) Structural characteristics-A second means of evaluating ESI and APPI MS data draws on NMR-generated structural information. Integration of the 13 C NMR spectrum in Figure 5 suggests that the sample is composed of 30% H-substituted alkyl C (CH 3 , CH 2 , and CH), 28% O-and N-substituted alkyl carbon, 15% aromatic C, 7% O-substituted aromatic C, 15% carboxyl/amide C, and 5% carbonyl C. Though FT-ICR MS data can be treated by KMD analysis to identify molecules that differ by the exact mass of a CH 2 or CO 2 group, they provide no information about the rest of the molecule. Therefore, KMD analysis does not allow for a rigorous comparison to NMR functional group data. On the other hand, one piece of bulk structural information that can be calculated from MS data is aromaticity. In the determination of chemical structures from molecular formulas (e.g., C c H h N n O o S s ), it is often useful to calculate the number of DBEs via Equation 4. The total aromaticity of the sample, or the aromatic fraction (ƒ a ), can then be obtained by summing the DBE of all molecular species, i, and dividing by the total number of carbon atoms, c, and nitrogen atoms, n (Equation 5). Aromaticity, ƒ a , can be also calculated from combustion elemental analysis data (with Equations 3-5).
The NOM aromaticity values determined by positive-and negative-ion ESI, shown in Table 3 , agree rather closely with NMR and EA (0.42-0.46). The positive ions generated by APPI are significantly more aromatic (ƒ a = 0.53). This is to be expected because double bonds and aromatic rings are strong absorbers of UV photons.
As a means of quantitative comparison between MS and 13 C NMR, we use the MS data in Table 4 to run the molecular mixing model in reverse (the final step in the analysis scheme, Figure 1) . Starting with the number average molecular composition determined collectively by APPI and ESI MS (parenthetical values in Table 4 ), the molecular mixing model was used to predict the signal distribution for a 13 C NMR spectrum. The result is shown as the gray NMR trace in Figure 5 . The results again indicate that the APPI and electrospray techniques ionize molecules with aromatic functionality more effectively than molecules with alkyl and O-alkyl functionality. Nevertheless, approximately 74% of the NMR signal calculated from MS data coincides with the measured 13 C NMR signal. Assuming that 13 C NMR provides a reliable measure of the carbon functional group distribution, the differences in peak areas between the modeled and the measured 13 C NMR spectra can be interpreted as the relative quantitation error of the APPI and ESI MS data. Thus, mass spectrometry overestimates aromatic carbon content of the NOM by 13% and coincidentally underestimates alkyl and O-alkyl carbon content by 13%.
Discussion
With the exception of underestimating carbohydrates, ESI MS identified a suite of molecules whose elemental and structural composition agree closely with bulk elemental and structural properties measured by combustion elemental analysis and 13 C NMR. APPI MS revealed some species with the same molecular weight as identified by ESI, and an additional 3000 molecular species that were not identified by positive-or negative-ion ESI. These results reveal a dichotomy. Although APPI provides important insight to the composition of NOM by gaining access to species not ionized by electrospray, both ESI and APPI are highly selective in the types of molecules ionized. Species of the same molecular weight and molecular formula observed in both APPI and ESI mass spectra can (and often do) have different molecular structures. Thus, further study of ionization efficiencies of reference compounds and matrix effects is needed before quantitative interpretations of relative ion abundance are warranted.
Although we cannot place an exact value on the fraction of NOM detected in FT-ICR mass spectra, comparison to 13 C NMR data treated with the molecular mixing model provides some constraints on quantitation. Neither APPI nor ESI MS provide substantial information on the carbohydrate fraction that comprises ~9% of the organic carbon in the Lake Drummond NOM, according to 13 C NMR mixing model results, suggesting that at least 9% of the C 18 -extractable NOM remains undetected. The inverse mixing model approach indicates that about 13% of the NOM is either undetected or underrepresented, and comprises mostly alkyl and O-alkyl carbon. Nevertheless, the method comparison reveals that collectively, ESI and APPI MS data are representative of a large portion of noncarbohydrate NOM in Lake Drummond.
Comments and recommendations
Due to the complementary natures of APPI and ESI, we recommend that both ion sources be applied in future investigations of NOM structure and composition. FT-ICR MS provides valuable information about NOM that was previously uncharacterized at the molecular level. However, a conundrum remains. If the composition of a complex mixture is unknown, how does one evaluate the performance of the spectroscopy used to characterize the unknown? Our approach in this article has been to compare results with more quantitative bulk techniques. This is a valuable first step, but a more systematic approach to performance evaluation is needed. Even if quantitation is not necessarily the goal, characterizing NOM at the molecular level requires, first and foremost, characterization of spectroscopic performance at the molecular level.
Our preliminary investigation reveals that selective ionization is an important issue for NOM samples. We have evaluated a single NOM sample, and selective ionization is likely to have different effects on other NOM samples of differing compositions. Therefore, in an effort to better interrogate the FT-ICR database on NOM in natural waters, selective ionization should be investigated systematically across a range of different samples. We recommend a standard addition approach whereby a suite of pure chemical compounds with systematic variations in molecular structures (analogous to 
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C CPMAS NMR spectrum of Lake Drummond NOM (black). The spectrum shown in gray is calculated from the sum of MS data (from Table 4 ) by running the molecular mixing model (Baldock et al. 2004 ) in reverse.
those of biomolecules) are added in known proportions to NOM samples before FT-ICR MS analysis. The relative abundances of internal standards would facilitate a more rigorous evaluation of ion source behavior and selective ionization. Because charge competition among analytes is an unavoidable reality, NOM samples of differing compositions will be differentially influenced by matrix effects. Therefore, the eventual creation of a widely available internal standard (spike) for FT-ICR MS analysis of NOM may be warranted-borrowing from the approach taken in isotope ratio mass spectrometry. This could serve the added purpose of mass calibration. Such an approach would make more robust the comparison of datasets collected by different investigators or different instruments.
In addition to selective ionization, the process of extracting and concentrating organic matter from natural waters can be selective. The C 18 solid-phase extraction (SPE) was used here because it is relatively efficient in NOM extraction from freshwater samples (60% to 80% recovery) (Roubeuf et al. 2000; Kim et al. 2003b) . SPE is also an effective means of removing inorganic ions, which can give rise to matrix effects and ion suppression. However, all SPE resins are inherently selective because retention is based on intermolecular forces, as was recently demonstrated by a study of Dismal Swamp water (Sleighter and Hatcher 2008) analyzed directly by ESI without preconcentration. It was clear that water-soluble tannins and amides/amines are excluded by SPE. Therefore, SPE extracts do not necessarily collect the most representative sample of NOM at the molecular level (Louchouarn et al. 2000) . More quantitative (and therefore less selective) means of isolating dissolved NOM are now available. Reverse osmosis and electrodialysis have been combined to quantitatively extract organic matter while also deionizing the sample (Koprivnjak et al. 2006; Vetter et al. 2007; Ouellet et al. 2008) . Understanding the molecular-level fractionation that occurs during sample preparation and analysis becomes increasingly important as we move toward a more quantitative understanding of the molecular composition and reactivity of NOM in natural waters. 
